Introduction: Meat has been classified by International Agency for Research on Cancer (IARC) as carcinogenic to humans. The evidence and the implications for health are reviewed.
Introduction and sources of data
In a statement targeted at government health agencies, the food industry and consumers, the International Agency for Research on Cancer (IARC) announced last year that consumption of processed meat had been classified as 'carcinogenic to humans', thus adding an enormous range of foods widely regarded as dietary staples to a list of Group 1 carcinogens that includes tobacco smoke, asbestos, aflatoxins and plutonium. At the same time, consumption of red meat, including pork, beef, lamb mutton and goat, was classified more tentatively as probably 'carcinogenic to humans' (Group 2 A). 1 One important aspect of the controversy that followed the IARC announcement was a failure by the news media to emphasize the distinction between a 'hazard', which is a proven source of potential harm, and 'risk', which is the actual probability of harm, taking into account the strength of the effect and the level of exposure. Thus, although processed meat is now included as one of 128 substances, mixtures and exposures for which the evidence of carcinogenicity in humans is deemed sufficient, this designation tells us nothing about the level and duration of exposure actually required to cause cancer. The purpose of this article is to briefly review the evidence that has led IARC and other agencies and advisory bodies to conclude that meat and meat products are probable causes of cancer in humans, and to consider the implications of these findings, both for populations and for individuals.
Evidence for an association between meat consumption and the risk of cancer began to emerge in the 1970s, as epidemiologists searched for mechanisms to explain wide geographical variations in the incidence of cancers of various types. 2 Interest in the role of environmental factors as causes of cancer was expanding rapidly at this time, stimulated no doubt by the then recent confirmation of tobacco smoking as the main cause of lung cancer. 3 By 1981, Doll and Peto 4 had published a highly influential review on the causes of cancer, in which they estimated that as much as 35% of all cancers in Western countries might be attributable in some way to diet. Carcinomas of the colon and rectum, though often combined into the single category colorectal cancer (CRC) in epidemiological studies, are biologically distinguishable diseases occurring more commonly in westernised high-income countries including North America, Australasia and much of Europe (Table 1) . 5 A number of workers, including Cummings, Hill and others in the UK, proposed that the high consumption meat in western countries might increase the risk of CRC through mechanisms linked to the production of mutagenic protein metabolites and synthesis of secondary bile salts by colonic bacteria. 6 These and other mechanistic hypotheses provided an important spur for further epidemiological studies on the links between meat consumption patterns and disease; these came initially in the form of case-control studies, and then more slowly as large prospective studies began to report their findings. Epidemiological studies are notoriously poor at proving causation, but in the absence of any means of addressing the hypothesis directly, and with no final agreement as to the mechanism for the putative carcinogenicity of meat, it is the growing body of epidemiological data that provides most of the evidence upon which IARC and other bodies concerned with public health have based their conclusions.
Areas of agreement
In 1997 and 2007, The World Cancer Research Fund/American Institute for Cancer Research (WCRF/AICR) published two encyclopedic reviews on the relationship between diet and cancer, based on systematic retrieval and expert appraisal of the available literature. In both reports the primary studies describing an effect of any particular foodstuff on the risk of disease were critically evaluated for quality and relevance, and the summary evidence derived from them was classified in descending order of perceived strength as 'convincing', 'probable' or 'possible'. In the 1997 report, which relied heavily upon case-control studies, and made no attempt to quantify effects by means of metaanalyses, none of the evidence for an effect of meat on the risk of cancers was regarded as 'convincing', but it was considered 'probable' that meat consumption increased the risk of CRC, and 'possible' that meat was a risk factor for cancers of the pancreas, breast, prostate and kidney. No distinction was made between meat per se and processed meat, but it was considered 'possible' that 'cured meats' increased the risk of CRC and that grilling, frying and barbecuing meat increased the risk of both CRC and stomach cancer. 7 At about the same time, the UK Committee on Medical Aspects of Food and Nutrition Policy (COMA) published its report on Nutritional Aspects of the Development of Cancer.
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COMA's conclusions were also based on informed appraisal of the available epidemiological literature rather than meta-analysis, but a scoring system was developed in order to assess the scientific quality of the available evidence, and the overall strength of the combined evidence was classified as 'strong', 'moderate', 'weak' or 'inadequate'. The main conclusion with respect to meat and cancer was that 'Overall there is moderate evidence to conclude that lower red meat and processed meat consumption would reduce the risk of colorectal cancer.' The evidence in relation to the risk of cancers of the breast, lung, prostate and pancreas was considered 'weak', and 'inadequate' in the case of stomach cancer.
For its 2007 report the WCRF/AICR Panel was able to draw upon a significantly greater quantity of evidence, and it adopted a more rigorous approach to its collection and interpretation. 9 The principal innovation was the commissioning of 20 systematic literature reviews conducted by independent research groups. Comprehensive literature searches were performed and papers were assessed for quality and relevance using a priori criteria. Where appropriate, epidemiological studies were compared using metaanalysis, to provide quantitative estimates of effectsize and statistical significance. According to the 2007 report, the evidence that both 'red meat' and 'processed meat' increased the risk of colorectal cancer could now be classified as 'convincing' but there was only 'limited-suggestive' evidence that red meat increased the risk of oesophageal, lung, pancreas and endometrial cancer, and that processed meat increased the risk of oesophageal, lung, stomach and prostate cancer. Since 2007 the Continuous Update Project (CUP), an ongoing review of new evidence, has been undertaken by WCRF/AICR. A new CUP report on colorectal cancer was published in 2011 and, based on a meta-analyses of new cohort studies, the panel concluded that both red meat and processed meats were convincing causes of colorectal cancer.
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Against this background of a strengthening consensus that meat consumption is one cause of CRC, an IARC working group met late in 2015 to consider the carcinogenicity of the consumption of red and processed meat in humans, and it has published its conclusions in summary form. 1 The agreed definition of 'red meat' is mammalian muscle meat, principally beef, veal, pork, lamb, mutton, horse or goat, including minced and frozen products, usually consumed cooked. 'Processed meat' is a very broad category including all red meat products that have been salted, cured, dried, fermented or smoked, to enhance flavour and/or to prevent spoilage. Poultry, fish and marine invertebrates are excluded from these definitions. 1 The panel considered over 800 studies, focused primarily on those considered to be of the highest quality, and applied meta-analysis where appropriate. The greatest weight was attached to prospective studies, but additional evidence from high-quality case-control studies was also taken into account. The most informative reports of both types were judged to be those that used large cohorts, evaluated the effects of red meat and processed meat separately, obtained dietary data from validated questionnaires and employed adequate controls for potential confounders. On the basis of this epidemiological data, but also taking into account mechanistic evidence from experimental studies, a majority of the panel members agreed that it was appropriate to classify processed meat as 'carcinogenic to humans' (Group 1) and red meat as 'probably carcinogenic to humans' (Group 2 A). Most of the evidence considered pertained to CRC but the panel also noted positive associations between processed meat and stomach cancer, and between red meat and cancers of the prostate and pancreas. The evidence that red meat and processed products are positively associated with the risk of CRC appears strongest when the two food categories are combined. 11 When they are considered separately, the evidence is stronger for processed meat than for red meat, and indeed some still argue that the evidence in relation to red meat remains too weak and inconsistent to justify a conclusion. 12 What is certainly true is that the current consensus reflects a summary of pooled evidence, and by no means all large highquality cohort studies have produced statistically significant evidence for these associations. Thus, in the case of processed meat, a positive association with CRC was reported in twelve out of the eighteen studies analysed by the IARC panel, but although they considered 14 cohort studies providing data for an effect of red meat consumption across Europe, Japan and the USA, only half of these showed a higher risk of CRC in high compared to low consumers. As regards the effects or meat consumption on the risk of other types of cancer, although positive associations have emerged from studies on, for example, pancreatic, 13 breast 14 and prostate cancer, 15 statistical significance has been inconsistent, and most reviews have failed to find convincing evidence for increased risks at sites other than the colon and rectum. A recent CUP report from ACRF/AICR does however conclude that processed meat consumption is now a proven riskfactor for non-cardia gastric cancer. 16 Another important point is that the adverse effects of red and processed meat products on CRC do not extend to poultry, or to fish. This issue was considered directly in the WCRF/AICR report of 1997 and it was concluded that although no conclusive judgement was possible, there was no consistent evidence for any relationship between poultry consumption and CRC. COMA also considered this point in 1998 and concluded that the balance of evidence suggested no effect of poultry or fish on the risk of CRC. 8 More recently, many epidemiological studies have indicated significant inverse relationships between fish consumption and CRC, which some argue indicate a protective effect. 17 For obvious reasons we will never have evidence from dietary intervention trials in human beings with meat as the exposure and cancer as the outcome, and so the magnitude of the relative risk associated with meat consumption can only be estimated from epidemiological data. In a systematic literature review, using the search strategy implemented for the WCRF/ AICR report (2007), Chan et al.
11 performed a nonlinear dose-response meta-analysis on the results of 13 prospective studies. They concluded that the risk of CRC increases approximately linearly with intake of red and processed meats combined up to levels of intake equivalent to 140 g/d, beyond which the relationship approaches a plateau (Fig. 1) . When analysed separately, the relative risk of CRC increased by 17%/100 g/d for fresh meat, and by 18%/50 g/d for processed meat. These relationships were similar for colon cancer assessed separately, but were not statistically significant for rectal cancer.
Areas of uncertainty
By their nature, epidemiological studies provide evidence only for associations between diet and disease, and these may be subject to biases that are difficult to eliminate fully. Issues of this type have led some authors to question the relationship between meat intake and colorectal cancer, 18 but confidence in the reality of such causal links can be greatly enhanced if plausible mechanisms can be found to explain them. The search for such mechanisms has continued in parallel with epidemiological studies. Meat has been shown to be both a source of genotoxic mutagens, and a promoter of endogenous carcinogen production, but levels are low in comparison to those used to induce tumours in animals and there is as yet no final agreement that these mechanisms cause cancer in humans. Clearly, if the source of carcinogens in a processed product can be identified and eliminated, any risks to health associated with consumption of that product can be reduced. In the absence of agreement as to the mechanistic basis for the putative carcinogenic effects of meat, strategies for minimizing risk remain somewhat tentative.
Meat as a source of exogenous mutagens
It is well-established that cooking red meat at high temperatures, particularly if open flames are involved, leads to the formation of mutagenic substances including heterocyclic amines (HCAs) and polycyclic aromatic hydrocarbons (PAHs). 19 HCAs, are members of a family of pyrolysis products formed from creatine, creatinine, amino acids and sugars, amongst which the most abundant are 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine (PhIP) and 2-amino-3,8-dimethylimidazo(4,5-f)quinoxaline (MeIQx). Following N-oxidation by cytochrome P450 enzymes and O-acetylation by N-acetyltransferases 1 and 2 (NAT1 and NAT2), HCAs are activated to form potent mutagens. They cause tumours at multiple sites including the alimentary tract in animal models, and PhIP-DNA adducts are known to occur in the colonic mucosa of both cancer patients and healthy controls. 20 HCAs are certainly consumed by humans in fried, grilled and barbecued meat products, but exposure levels are very much lower than the carcinogenic doses used in animal studies. Some epidemiological studies indicate a statistically significant relationship between exposure to HCAs and human neoplasia but overall, the data remain inconsistent. 21 It has been argued that, given the complex mixture of mutagens generated in cooking, synergistic effects may occur in the human human food chain that could amplify the carcinogenic activity of HCAs in ways not reproducible in animal models, but at the present time there is no clear evidence to support this conjecture. 22 Furthermore, if HCAs present in red meat are a cause of human cancer, it is not clear why the same should not be true of HCAs present in similarly cooked poultry and fish, 23 both of which have consistently been shown in epidemiological studies not to be associated with CRC. 9 The PAHs comprise another complex group of products formed during the incomplete combustion of virtually all organic materials including fossil fuels, plant tissues and meat. 24 Because of this ubiquity of sources they are widely distributed in the environment, and hence in the human food chain. However, they are formed at particularly high levels in cigarette smoke, and also in meat products exposed to high temperature surfaces, grills and open flames. They are readily absorbed via the lungs and gut, and after metabolic activation by Phase 1 enzymes they yield highly mutagenic products. However, although high concentrations of PAHs are present in smoked meat products and in barbecued fresh meat, similar compounds are acquired through consumption of vegetables, vegetable oils and cereals and paradoxically perhaps, for most consumers this is likely to be the major route for dietary exposure. 24 The third major group of potent human carcinogens present in meat-rich diets are the N-nitroso compounds (NOCs) that are formed in processed meat products due to reactions between nitrites or nitrates and amines or amides. 25 Potassium and sodium nitrites and nitrates are used as preservatives in the production of ham, bacon, sausages and other cured meats, where they contribute to the appearance and flavour of the product, and most importantly they prevent the germination of spores and the vegetative growth of the food poisoning organism Clostridium botulinum. 26 Nitrosamines are potent carcinogens in animal models, but attempts to establish a direct link between cancer in humans and dietary intakes of nitrates and nitrites or NOCs derived from them have proved inconclusive. Nevertheless, once it was established that nitrosamines can be formed during processing and cooking of cured meats at high temperatures, steps were taken during the 1970s to minimize these reactions, both by limiting the levels of nitrates and nitrites present, and by the addition of antioxidants such as ascorbate to processed products.
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A role for meat in the formation of endogenous mutagens
Apart from the secondary bile acids previously mentioned, meat consumption has also been implicated in the production of ammonia and other potentially mutagenic protein derivatives and of endogenous NOCs, all derived from microbial metabolism of food residues in the alimentary tract. 28 Amines and amides are formed in the colon through bacterial metabolism of amino acids, and these can be N-nitrosated in the presence of nitrosylated haem derived from unabsorbed residues of red meat. Under laboratory conditions, NOC are present at relatively low levels in the faeces of human subjects eating meat-free diets, but consumption of red meat leads to a dose-dependent increase. Interestingly, poultry meat, which contains much lower levels of haem than red meat, does not raise faecal NOC levels to the same extent. 29 Unabsorbed haem residues are also implicated in lipid peroxidation, and this provides a further possible pathway for the formation of endogenous mutagens. 30 Peroxidation of polyunsaturated fatty acids by haem generates malondialdehyde, which is mutagenic, and 4-hydroxynonenal which is cytotoxic and may, so it has been argued, act as a tumor promoter by selectively inhibiting apoptosis of precancerous epithelial cells. 30 
Protective effects of vegetarian diets
A further source of uncertainty relates to the supposedly protective effects of excluding meat completely from the diet. If meat consumption is a significant source of carcinogens for humans, it is reasonable to assume that vegetarians might be at significantly lower risk of CRC and perhaps of other cancers. In practice however this has been a difficult hypothesis to test because strict vegetarians form a relatively small proportion of the populations of high-income countries where the risk of CRC is greatest, because vegetarians vary greatly in their dietary practices, and because their patterns of food consumption may be confounded by other potentially protective aspects of lifestyle such as lower consumption of alcohol and higher levels of physical activity. Nevertheless Key et al. 31 compared vegetarians with non-vegetarians in a pooled analysis of five prospective studies conducted in the USA, the UK and Germany and observed no difference in mortality from CRC. More recently the same group compared the incidence of cancers at 20 different sites, including both CRC and cancers of the colon and rectum analysed separately, in a cohort of 32 491 British meat-eaters, 8612 fish-eaters, 18 298 vegetarians and 2246 vegans, followed up for an average of 14.9 years. 32 Statistically significant differences were observed amongst the groups, such that total cancer incidence was 11% lower in vegetarians, 19% lower in vegans and 12% lower in fish-eaters compared to meat-eaters. Stomach cancer was 63% lower in vegetarians and vegans combined than in meateaters, but this finding was based on only a small number of cases. Unexpectedly however, the risk of CRC did not differ significantly in vegetarians compared to meat-eaters, and nor did the risk of CRC differ between meat-eaters with high and low intakes of meat. The authors concluded that in view of these negative findings, the relationship between meat consumption and CRC required further research. Recently Orlich et al. 33 addressed the issue of CRC risk in North American vegetarians, using a cohort of 96 354 Seventh-Day Adventist men and women categorized as vegan, lacto-ovo vegetarian, pesco-vegetarian and semi-vegetarian or as non-vegetarians. After an average follow-up time of 7.3 years, the risk of CRC in all vegetarian groups combined was 20% lower than in non-vegetarians. Again, an apparently protective effect of fish consumption was also observed, in that the largest reduction in risk of CRC was associated with the pesco-vegetarian sub-group. The authors noted that their results differed markedly from those observed in the UK by Key et al., but could offer no explanation.
Conclusions and areas for further research
The reasons for the elevated risk of CRC in highincome industrialized countries compared to low income countries with large rural populations remain largely obscure. Since the 1970s a huge effort has been made to test the hypothesis that high levels of meat consumption make a major contribution to the aetiology of this disease and the balance of evidence suggests it is now appropriate to regard the regular consumption of red and processed meat as carcinogenic in the broadest sense. If we accept the estimates of Chan et al. 11 that consumption of red and processed meat leads to increases in the risk of CRC of 17% per 100 g consumed per day and 18% per 50 g consumed per day respectively, these estimates seem reasonably consistent with the 20% lower risk of CRC in vegetarians compared to meat-eaters recently observed in the USA by Orlich et al. 33 However, it seems difficult to argue that meat consumption makes more than a modest contribution to the roughly tenfold difference in the incidence of CRC when the highest and lowest risk countries are compared (Table 1) .
Moreover the incidence of CRC in the USA has apparently fallen by around 40% since the 1970s. Although dietary improvements in the USA have probably contributed to this outcome, there is little evidence of a major reduction in the consumption of meat products. 34 It is also worth noting that gastric cancer, the other neoplasm for which substantial evidence of a causative role for red and processed meat has been established, has declined substantially in the USA and other high-income countries since the 1930s. A number of puzzling questions remain, notably how can we work to reduce exposure to the putative carcinogenic hazards of meat consumption, particularly in view of the fact that the precise roles of such these substances in human cancer remain uncertain? Perhaps animal models do not accurately reproduce the effects of human exposure to multiple carcinogens acting synergistically over a lifetime; further, more sophisticated toxicological studies are needed to explore this issue. Another possibility is that the vulnerability of some individuals to foodborne carcinogens is increased by genetic polymorphisms that cause a faster metabolic activation of HCA, and therefore a greater effective exposure to the mutagenic load. Humans exhibiting so-called rapid acetylator phenotypes associated with polymorphisms of NAT1 and NAT2 enzymes have been reported to have increased vulnerability to CRC, 35 and statistical modelling suggests that the prevalence of these genotypes influences CRC prevalence at the population level. 36 A deeper understanding of these, and perhaps other as yet unidentified genetic variations, may eventually increase our ability to predict the vulnerability of individuals to meatborne mutagens and pave the way for a more personalized approach to disease prevention. Similarly, our rapidly growing knowledge of variations in the human gut microbiome, may perhaps facilitate a better understanding of individual vulnerability to the production of endogenous mutagens by bacteria in the faecal stream. 37 From the perspective of food science and culinary practice, we are hampered by our ignorance as to the relative risks associated with the various different types of meat product classified in the epidemiological literature simply as 'processed meat'. Proposals have been made to further improve the safety of meat products, for example by adding calcium and antioxidants to processed meat products with a view to to inhibiting the catalytic activity of haem, 30 but these measures remain to be fully evaluated for efficacy, safety and acceptability to consumers.
In the meantime, how should the general public respond to the current state of knowledge with regard to meat and cancer? First it is important to maintain a sense of perspective and to be aware that the inclusion of processed meat products on the same list of human carcinogens as tobacco smoke does not mean that the two are quantitatively similar as risks to human health. Habitual tobacco use increases the risk of lung cancer by at least eleven fold, 38 and causes the premature death of over 50% of smokers. 39 If we accept that the increased risk of CRC incurred by consuming a daily portion of processed meat over the course of a lifetime is about 20%, and bear in mind that the background risk of developing CRC in the UK is 6% for men, then for every 100 male regular processed meat consumers we might expect approximately one additional case of CRC. At the population level, differences in risk of this magnitude are of considerable significance for public health, and official bodies are right to draw attention to them, but individuals will want to judge the balance of culinary benefits and possible dangers of meat consumption against their own personal criteria. In this context it is important to consider that consumption of meat, though not essential to health, does have important nutritional benefits. To a greater or lesser degree, expert panels exploring the issue of meat consumption and cancer have acknowledged that meat products are an important source of micronutrients, and particularly of iron, which is much more readily absorbed and assimilated from meat products than from vegetables and cereals. 40 In 2010 the successor to COMA in the UK, the Scientific Advisory Committee on Nutrition (SACN) considered the issue of meat consumption and cancer in its report on Iron and Health 41 and recommended that adults with a relatively high level of red and processed meat consumption (above the 75th percentile, equivalent to ca. 90 g cooked weight /day) should consider reducing their daily intake to about 70 g cooked weight /day. In the light of more recent evidence it is probably prudent also to favour poultry and fish over processed meat products, and to mainly utilize lower temperature cooking methods for red meat, so as to minimize the production of mutagenic pyrolysis products. 42 
